immunological synapse ͉ virus evasion ͉ virulence mechanism ͉ adaptive immunity R espiratory syncytial virus (RSV) is the worldwide leading cause of infant hospitalization related to airway diseases. RSV infects Ͼ70% of children in the first year of life and by age 2, almost 100% of children have been infected at least once with this virus (1, 2). In addition, RSV reinfection is extremely frequent, suggesting that naturally acquired adaptive immunity to RSV is either inefficient or transient (2-4). It is thought that clearance of RSV would require the induction of a balanced Th1/Th2 adaptive immune response capable of inducing the production of neutralizing antibodies and IFN-␥-secreting cytotoxic CD8 ϩ T cells (CTLs) (5, 6). However, RSV-specific T cell responses generally fail to efficiently clear infection (7-9). Although functional RSV-specific memory CTLs and helper T cells can be observed in the blood and spleens of infected hosts, these cells show impaired effector function in infected lung tissues (10) (11) (12) (13) (14) .
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espiratory syncytial virus (RSV) is the worldwide leading cause of infant hospitalization related to airway diseases. RSV infects Ͼ70% of children in the first year of life and by age 2, almost 100% of children have been infected at least once with this virus (1, 2) . In addition, RSV reinfection is extremely frequent, suggesting that naturally acquired adaptive immunity to RSV is either inefficient or transient (2) (3) (4) . It is thought that clearance of RSV would require the induction of a balanced Th1/Th2 adaptive immune response capable of inducing the production of neutralizing antibodies and IFN-␥-secreting cytotoxic CD8 ϩ T cells (CTLs) (5, 6) . However, RSV-specific T cell responses generally fail to efficiently clear infection (7) (8) (9) . Although functional RSV-specific memory CTLs and helper T cells can be observed in the blood and spleens of infected hosts, these cells show impaired effector function in infected lung tissues (10) (11) (12) (13) (14) .
Dendritic cells (DCs) are ubiquitous professional antigenpresenting cells (APCs) found in lymphoid and nonlymphoid tissues, where they locate strategically to capture antigens and present them to T cells as peptides bound to either MHC class I or II molecules (15, 16) . These features render DCs as key components for the initiation and modulation of T cell immunity against pathogens, such as virus. Thus, several virulent microorganisms have developed molecular mechanisms to impair DC function and prevent clearance by adaptive immunity (17) (18) (19) (20) (21) . RSV infection causes a significant increase in the number of mature DCs in mouse lungs (22, 23) and has the capacity to infect and replicate within these cells (24) (25) (26) (27) , rendering them inefficient at inducing proliferation and IFN-␥ secretion by antigenspecific T cells (24, 25) . Inhibition of T cell activation by RSV has been suggested to be mediated by soluble molecules secreted by RSV-infected DCs, which reduce their capacity to induce IFN-␥ secretion by T cells (28) . Although recent data indicate that RSV-induced secretion of IFN-and -␣ by human DCs can impair T cell activation (29) , this phenomenon could also be observed upon T cell culture with RSV particles or cells expressing RSV antigens on their surface (30, 31) . However, whether RSV-mediated inhibition applies to cognate pMHC recognition by T cells and the mechanism responsible for this inhibition remain unknown.
Here, we have approached these questions by evaluating the effect of RSV infection on the capacity of murine DCs to activate T cells. We observed that DCs are efficiently infected by RSV and, although these cells mature upon infection, they are rendered unable to promote T cell activation in response to cognate-, allo-, and superantigen stimuli. Upon exposure to RSV-infected DCs, T cell proliferation and IL-2 secretion were significantly impaired, and T cells became unresponsive to subsequent stimulation with anti-CD3. Inhibition was not mediated by IL-10, and neither seemed to be mediated by soluble factors, because supernatants from RSV-infected DCs failed to impair anti-CD3-induced T cell activation. Furthermore, laser confocal microscopy experiments indicated that immunological synapse (IS) assembly between RSV-infected DCs and T cells was completely suppressed, consistent with the notion that RSV-mediated inhibition might require DC-T cell contact. These results support blockade of IS assembly as a novel RSV virulence mechanism, which is likely to contribute to host pathogenesis by evading adaptive immunity and reducing T cell-mediated virus clearance. different antibodies. As shown in Fig. 1A , a significant increase on the mean fluorescence intensity (MFI) derived from the staining with an anti-F antibody was observed only for RSVinfected DCs. In these assays, the entire DC population displayed an increase on the F-derived fluorescence, which suggests that the majority of DCs are infected by the virus. These data indicate that, upon RSV challenge, the DC population contains cells showing a normal distribution of F protein surface expression (Fig. 1 A) . In contrast, DCs pulsed with UV-RSV showed no significant antibody staining (Fig. 1 A) . Further analysis by real-time PCR confirmed the data obtained by flow cytometry, because RSV-pulsed DCs expressed considerable amounts of RSV nucleocapsid RNA contrarily to UV-RSV-pulsed DCs (Fig. 1B) .
Next, the effect of RSV infection over DC maturation was evaluated. Fig. 2A shows surface expression of CD40, CD80,  CD86, MHC-I (H-2K b ), and MHC-II (I-A b ) in untreated, RSV-, UV-RSV-, and LPS-pulsed DCs. Up-regulation was observed for all of the assessed surface markers 48 h post-RSV infection (Fig. 2 A) . On the contrary, UV-RSV induced no significant up-regulation of maturation markers on DCs. These data are consistent with previous reports in human and murine DCs and support the notion that RSV replication might be required for DC maturation (25, 32) .
To further characterize the DC response to RSV, secretion of cytokines IL-6, IL-10, IL-12, and TGF-␤ by virus-infected cells was analyzed. These cytokines contribute to define T cell phenotypes resulting from DC-T cell interactions. Although RSV infection led to a significant increase of IL-6 and IL-10 secretion by DCs, no increase was observed for IL-12 or TGF-␤. DCs treated with LPS, an inducer of IL-6, IL-10, and IL-12, were included as control. Our results are consistent with similar experiments performed on human DCs (24, 25) .
RSV Infection Impairs T Cell Activation by DCs. To determine whether RSV infection can modulate the capacity of DCs to activate naïve T cells, we performed a mixed lymphocyte reaction (MLR) on RSV-infected DCs. T cell activation was determined by measuring IL-2 secretion in response to increasing numbers of control or RSV-infected DCs. A strong inhibition of IL-2 secretion was observed for T cells stimulated with RSVpulsed DCs, as compared with T cells challenged with unpulsed or UV-RSV-pulsed DCs, which secreted significant amounts of IL-2 (Fig. 3A) . RSV failed to inhibit the capacity of DCs to activate T cells in the presence of RSV neutralizing antibodies [supporting information (SI) Fig. S1 )]. These data support the notion that RSV is responsible for the observed inhibition of DC function and T cell activation.
To exclude any potential cytotoxicity caused by the RSV pulse, DC and T cell viability was assessed before, during, and after all cocultures. Trypan blue exclusion and flow cytometry vital staining showed no significant cell death during all of the experiment period (data not shown).
In addition to IL-2 secretion, T cell proliferation was determined by carboxyf luorescein diacetate, succinimidyl ester (CFSE) dilution assays in response to allogenic DCs. Because activated T cells up-regulate surface expression of CD4 upon antigen recognition (33, 34) , CFSE dilution was analyzed for the CD4 high alloreactive T cell population. Consistent with the IL-2 secretion data, the CD4 high population was significantly reduced in T cells stimulated with RSV-infected DC, as compared with T cells challenged with unpulsed DCs or DCs pulsed with UV-RSV (Fig. 3C) . Furthermore, although significant proliferation evidenced as CFSE staining dilution was observed for the
CD4
high population of T cells stimulated with unpulsed or UV-RSV-pulsed DCs, no CFSE dilution was observed for T cells stimulated with RSV-pulsed DCs (Fig. 3C) . A similar pattern was observed when T cell activation markers CD69 and CD25 were determined on the surface of T cells. Although these markers were poorly expressed on the surface of T cells stimulated with RSV-infected DCs, significant expression was observed for T cells challenged with untreated or UV-RSV-treated DCs, which defined a distinct activated CD4 ϩ T cell population (Fig. 3E) .
In agreement with the MLR data, activation of CD4 ϩ OT-II T cells with antigen-pulsed DCs was inhibited by RSV infection. To avoid possible variations in antigen processing and presentation between the different treatments, antigen-specific cocultures were performed in the presence of exogenously added antigenic peptide (pOVA). Under these conditions, all three T cell activation parameters, IL-2 secretion, CFSE dilution and CD69 up-regulation, were significantly suppressed when OT-II T cells were stimulated with RSV-infected pOVA-pulsed DCs (Fig. 3 B, D, and F) . Equivalent inhibition was observed for T cell activation in response to superantigen-pulsed DCs (data not shown). In contrast, stimulation with pOVA-pulsed uninfected or UV-RSV-treated DCs led to full OT-II T cell activation (Fig.  3 B, D, and F) . The notion that impairment of DC function was limited to RSV-infected cells was supported by the observation that pOVA-pulsed uninfected DCs were able to prime OT-II cells in the presence of RSV-infected DCs (SI Text, Fig. S2) .
Upon RSV challenge, T cells showed no signs of infection and failed to express viral antigens on their surface (data not shown). Further, RSV caused no significant reduction on pOVA loading on MHC molecules, as shown by binding of FITC-labeled pOVA to DCs (Fig. S3 ).
RSV Suppression of T Cell Activation Is Not Mediated by DC-Derived
Soluble Factors. It has been described that IL-10 can downmodulate T cell activation by antigen-loaded APCs, which can be partially or totally prevented with blocking antibodies (35, 36) . Thus, we evaluated whether the IL-10 secreted by DCs in response to RSV could be responsible for the inhibition of T cell activation; IL-10 activity was blocked with a neutralizing antibody during the DC-T cell cocultures. As shown in Fig. 4 A and B, IL-10 blockade failed to prevent RSV-mediated suppression of T cell activation in MLR and OT-II assays.
To assess whether the suppression of T cell activation could be mediated by other soluble factors secreted by DCs in response to RSV, T cells were stimulated with plate-bound anti-CD3 antibody in the presence of supernatants obtained from RSVinfected DCs. After 24 h, significant IL-2 secretion was observed for T cells treated with supernatants from either control, RSV-, or UV-RSV-pulsed DCs (Fig. 5A) . Surprisingly, supernatants obtained from RSV-or UV-RSV-pulsed DCs led to a significant increase in IL-2 secretion by T cells in response to anti-CD3, as compared with supernatants from unpulsed DCs. These data suggest that T cell activating factors are present in supernatants recovered from RSV-pulsed DCs. Similar results were observed when transgenic antigen-specific CD4 ϩ OT-II T cells were used (Fig. 5B) .
Interaction with RSV-Infected DCs Renders T Cells Unresponsive to
Subsequent TCR Engagement. To distinguish whether RSV caused a transient or permanent suppression of T cell activation, plate-bound anti-CD3 was used to stimulate T cells obtained from cocultures with RSV-infected DCs. As shown in Fig. 6A , T cells derived from MLRs cocultured for 48 h with RSV-infected DCs, failed to secrete IL-2 in response to later stimulation with anti-CD3-coated plates. In contrast, T cells that were cocultured with untreated or UV-RSV-pulsed DCs secreted significant amounts of IL-2 in response to plate-bound anti-CD3 (Fig.  6A) . Similarly, OT-II T cells cocultured with RSV-infected DCs were also unresponsive to anti-CD3 stimulation (Fig. 6B ). These data suggest that RSV-infected DCs can confer an anergic-like phenotype to T cells that renders them unresponsive to a strong stimulus, such as anti-CD3.
RSV Impairs DC-T Cell Synapse Assembly. Encounter of cognate pMHC complexes on the surface of APCs by T cells triggers the assembly of a specialized structure at the APC-T cell interface, known as the immunological synapse (IS) (37) (38) (39) . This process involves the reorganization of membrane and intracellular signaling molecules in the T cell, leading to polarization of its secretory machinery toward the APC (38) (39) (40) . This event is necessary for efficient T cell activation and function (40) (41) (42) (43) . An important morphological parameter associated with IS assembly is the polarization of the Golgi apparatus in T cells (44) . Because soluble factors derived from RSV-infected DCs failed to suppress T cell activation, we tested whether DC-T cell synapse formation was altered by RSV infection. Using laser confocal microscopy, DC-T cell IS assembly was assessed by measuring polarization of Golgi apparatus in OT-II transgenic T cells stimulated with either pOVA-loaded control, RSV-infected, or UV-RSV-pulsed DCs. As shown in Fig. 7 , Golgi apparatus polarization within T cells cocultured with RSV-infected DCs was barely detectable and reduced to a background frequency equivalent to that of T cells cocultured with unpulsed (no peptide) DCs ( Fig. 7 and Movies S1-S11). In contrast, T cells cocultured with control or UV-RSV-infected DCs showed sig- nificant Golgi apparatus polarization, which suggests IS assembly upon cognate ligand recognition (Fig. 7 and Movies S1-S11). These data would support impairment of IS assembly as the mechanism responsible for the suppression of T cell activation by DCs infected with RSV. Although RSV infection led to a significant impairment on IS assembly between infected DCs and T cells, the virus did not alter the efficiency of DC-T cell conjugate formation and ICAM-1 polarization in those conjugates (Figs. S4 and S5) . Furthermore, when T cells were simultaneously stimulated with uninfected or UV-pulsed DCs together with RSV-infected DCs, significant IS polarization toward uninfected DCs was observed (Fig. S6 and Movies S1-S11). These data are consistent with the T cell activation data described above, suggesting that impairment of DC function was limited to RSV-infected (SI Text, Fig. S2 ).
Discussion
DCs are essential for the activation and modulation of T cell immunity against viruses. The importance of DCs during RSV infection was recently underscored by the observation that depletion of plasmacytoid DCs in mice impairs virus clearance and exacerbates the immune-mediated pathology caused by the virus (22, 45) . However, despite their beneficial role against RSV, DCs can be infected with the virus and possibly become targets for immune evasion and adverse modulation of T cell function by this pathogen. In the present study, we have provided data indicating that murine DCs are readily infected by RSV, which promotes their maturation. However, DC maturation was observed only in response to viable RSV and not UV-inactivated RSV, which would suggest that induction of DC maturation would need viral replication (25, 32) . In agreement with other reports, we observed significant secretion of IL-6 and IL-10 secretion by DCs infected with RSV (25, 26) .
In addition, and consistent with previous studies (24, 25, 28, 29) , we observed significant impairment in the capacity of DCs to induce T cell activation. Interestingly, here we show that suppression of DC function by RSV was independent of the nature of the TCR-ligand and applied to RSV-infected DCs presenting either allo-, cognate-, or superantigens to T cells.
Previous reports suggested a role for soluble molecules, such as IFN-␣ and -secreted by RSV-infected human DCs in T cell inhibition (29) . Here, we assessed a potential role for molecules secreted by murine DCs in response to RSV over inhibition of T cell activation. We observed that neither DC-derived IL-10 nor total supernatants from RSV-infected DCs were able to suppress T cell activation by DCs or plate-bound anti-CD3. In contrast, T cells treated with supernatants obtained from RSV-or UV-RSV-pulsed DCs secreted significantly more IL-2 in response to anti-CD3 than controls. These results suggest that supernatants from RSV-infected DCs not only fail to inhibit but also promote T cell activation, possibly because of the presence of T cell stimulating cytokines.
Taken together, our observations support the notion that T cells acquire an unresponsive phenotype equivalent to anergy, as a result of contact-dependent cell interactions with RSVinfected DCs. It is known that modulation of IS assembly between T cells and DCs can lead to a blockade of productive and sustained TCR signaling required for T cell activation, thus altering T cell function and responsiveness to stimulation via TCR engagement (38, (41) (42) (43) (46) (47) (48) . The importance of IS assembly for T cell function is underscored by recent observations indicating that pathogens have evolved molecular mechanisms to prevent IS formation and impair the initiation of adaptive immunity (41-43, 46, 48) . Upon assessment of IS assembly, we observed a significant decrease in the polarization of T cell Golgi apparatus toward DCs infected with RSV. Impairment of IS formation by RSV could provide an explanation for the ability of the virus to keep DCs from activating several effector functions in T cells, such as IL-2 secretion, proliferation, and up-regulation of surface activation markers. Thus, it is likely that interference with IS assembly is directly involved in RSV-mediated T cell inhibition. The virulence mechanism described here for RSV is consistent with the observation that mitogen-induced human T cell activation can be inhibited by this virus (30, 31) .
Taken together, our results strongly suggest that T cell inhibition by RSV-infected DCs is significantly mediated by direct DC-T cell contact and more specifically through IS interference. These data suggest that RSV has evolved molecular mechanisms to impair T cell activation by murine DCs directly through abolition of IS assembly. Interference with IS function could account, at least to some extent, for the inappropriate and inefficient adaptive immune responses developed against RSV in vivo (10-14). Our findings contribute to the understanding of how RSV modulates adaptive immunity in the host and highlight the need for further characterization of the interaction between T cells and RSV-infected DCs.
Materials and Methods
Mice. C57BL/6 and BALB/c wild-type mice were obtained from The Jackson Laboratory. The OT-II transgenic mouse strain (49) Cytokine ELISA. Release of IL-6, IL-10, IL-12, and TGF-␤ by DCs was measured 24 h after challenge with RSV or UV-RSV as described in SI Text. Recombinant IL-2, IL-6, IL-10, TGF-␤, and IL-12 (BD PharMingen) were used as standards for cytokine quantification.
DC Viability and Antigen Presentation
Assays. C57BL/6 bone marrow-derived DCs were prepared as described in ref. 50 . On day 5 of culture, DCs were pulsed overnight with RSV or RSV-UV at a moi equal to 1. As a control, DCs were pulsed with same volumes of supernatant from uninfected HEp-2 cultures. After infection, DC viability was determined by trypan blue exclusion. Mixed lymphocyte reactions (MLRs) were performed coculturing 1 ϫ 10 5 or titrated amounts of treated or untreated C57BL/6 DCs with 1 ϫ 10 5 lymph node cells from BALB/c mice. OT-II T cell cocultures were performed similarly with 1 ϫ 10 5 cells obtained from transgenic mouse lymph nodes and 20 ng/ml of ovalbumin OVA323-339 peptide (pOVA). IL-2 release was measured after 48 h of DC-T cell coculture as described (26) . For IL-10 neutralization assays, cocultures were performed in the presence of 1 g/ml of neutralizing anti-IL-10 antibody (clone JES5-2A5; BD PharMingen). For T cell activation assays with DCsupernatants, 2 ϫ 10 5 cells were added over ELISA plates (Maxisorb, Nunc) previously coated with increasing amounts of anti-CD3 antibody (clone 145-2C11; BD PharMingen) in the presence of 100 l of DC supernatant plus 100 l of fresh medium and incubated for 24 h. For T cell activation recovery assays, 2 ϫ 10 5 cells were added over ELISA plates coated with plate-bound anti-CD3 as described above and incubated for 24 h. of RSV, and then double-stained with anti-CD11c-APC (clone HL3; BD PharMingen) and anti-RSV F protein (clone RS-348 kindly provided by Pierre Pothier, Université de Bourgogne) (51) . After washing, cells were stained with a goat anti-mouse IgG-FITC (BD PharMingen). DC maturation was determined with fluorescent-labeled antibodies against CD40, CD80, CD86, H-2K b , and I-A b , as described (17) . Salmonella LPS (Sigma-Aldrich) was used as a positive control for DC maturation. Antigen loading on the surface of DCs was assessed with FITC-labeled pOVA (GenScript). For determination of T cell proliferation, mouse lymph nodes were stained with 5 M CFSE (Invitrogen) for 5 min at 37°C. Then cells were washed and cocultured with DCs as specified above. After coculture, cells were stained with anti-CD4-APC (clone RM4 -5; BD PharMingen). Collected data were analyzed by using FACSDiva software (BD Biosciences). As an alternative to trypan blue staining, cell viability was also assessed by flow cytometry with Sytox blue (Invitrogen). Chamber coverglass, Nalge Nunc) previously coated with polyD-lysine (Sigma). Fluorescence measurements were done on a FluoView FV1000 Confocal Microscope (Olympus). Time-lapse videos (SI Text) and microphotographs were recorded in a 30-min interval. To evaluate IS assembly between T cells and DCs, at least 50 randomly selected fields per treatment were scored visually counting the number of T cells with Golgi apparatus polarized toward DCs within total DC-T cell conjugates. A minimum of 800 conjugates were analyzed per treatment in three independent experiments. ICAM-1 staining was performed as described in SI Text.
Laser
Statistical Analysis. Statistical significance of differences between groups was evaluated by unpaired Student's t test by using the GraphPad Prism software.
